Polymer blends based on poly(vinylidene fluoride), PVDF and poly(ethylene oxide), PEO, with varying compositions have been prepared by solvent casting, the polymer blend films being obtained from solutions in dimethyl formamide at 70ºC. Under these conditions PVDF crystallizes from solution while PEO remains in the molten state.
Introduction
In recent years there has been a growing interest in the field of membrane technology, more specifically, in polymer porous membranes with the objective to promote or improve its performance in applications such as water purification [1] , reverse osmosis [2] , biomedical [3] and energy applications [4] [5] [6] , etc. Polymer porous membranes show many advantages in comparison of other membrane types, such as metal and liquid membranes. In particular: they can show a high variety of the pore sizes and degree of porosity, various membrane shapes (flat sheet, tubular, etc) and can be chemically resistant, among others [7] [8] [9] .
Different methods have been developed to generate a well-controlled pore structure and pore interconnectivity. Solvent casting with phase inversions is one of the most used methods [9] [10] [11] [12] but many other have been proposed.
The most used polymer materials for porous membrane development for different applications are polycarbonate (PC) [13] , poly(vinylidene fluoride) (PVDF) [14] , polytetrafluoroethylene (PTFE) [15] , polypropylene (PP) [16] , polyamide [17] and cellulose-ester [18] . Taking into account the excellent properties (high mechanical strength and chemical stability) of the fluoropolymers, PVDF has been used in porous membranes fabrication. PVDF is known for its electroactive properties (piezo, pyro and ferroelectric properties) [19, 20] . On the other hand, PVDF is a hydrophobous biocompatible and non-biodegradable material, suitable for cell culture applications.
We propose in this work the combination of PVDF with PEO in a non-porous membrane in which a hydrophobous and a hdrophilic phases are co-continuous. This structure will allow water sorption and diffussion when the membrane is used as a cell culture support allowing cell attachment to PVDF domains but at the same time allowing the diffusion of water soluble proteins or growth factors through the substrate for cell signalling [21] [22] [23] . The ability of absorbing polar solvents is crucial in the use of these membranes as litium ion battery separator [24, 25] , or in microfiltration [26, 27] 3 PVDF is a semi-crystalline polymer that can crystallize in four crystalline phases known as: α, β, γ and δ and depending on the temperature and processing conditions [20, [28] [29] [30] . The most important phase of PVDF for technological applications is the β-phase, as it exhibits piezoelectric, pyroelectric and ferroelectric, properties. The α-phase is the most stable one from a thermodynamic point of view when the material is directly obtained from the melt [26] [27] [28] . Porous β-PVDF samples can be obtained directly from solution crystallization at temperatures below 70ºC [31] . Mechanical stretching applied to an α-phase PVDF film at temperatures below 100 º C and with stretch ratio higher than or equal to 3 transforms it to a non-porous β-phase film. Different morphologies and microstructures were obtained for PVDF microporous membranes by crystallizing at different temperatures (thermal induced phase separation, TIPS) [31, 32] . TIPS allows controlling both porosity and pore size [32, 33] . The crystalline phase, dielectric and thermal properties of PVDF membranes depend of the solvent evaporation temperature that influences the solvent evaporation rate below of the melting temperature [34, 35] . For biomedical applications, the influence of the polarization state of non-porous electroactive poly(vinylidene fluoride), PVDF, on the biological response of cells cultured under static and dynamic conditions has been addressed [36, 37] . It was observed that positively charged β-PVDF films promote higher osteoblast adhesion and proliferation, which is higher under dynamic conditions on poled samples, showing that the surface charge under mechanical stimulation improves the osteoblast growth.
Poly(ethylene oxide), PEO is a hydrophilic, biocompatible polymer that has been intensively used in biomedical application [38] . Polymer blends of PVDF and PEO have been developed to improve the pore configuration, such as pore size, porosity and pore connectivity of PVDF-based microporous membranes [39, 40] . This polymer blend has been proven to be suitable for polymer electrolyte applications [40] .
Taking into account the properties of both PVDF and PEO, the main goal of this work is the preparation of new polymer blends based on these polymers in order to properly tune morphological features, with suitable piezoelectric and thermal properties for biomedical and energy applications. The correlation between the phase morphology and electroactive phase of PVDF is extremely important for these applications. A new membrane preparation method has been developed in which PVDF crystallizes from the solution in DMF while PEO polymer crystallizes from the melt confined between PVDF crystals. Finally, complete removal of the solvent was achieved in vacuum for another 3 hours at 70 ºC.
Removal of PEO
As PEO is a hydrophilic polymer, it can be removed by immersing in water. The membranes were cut into cylinders of 5 mm in diameter. The cylinders were immersed in water and stirred during up to 7 days, while the water was changed every day. After 7 days, the samples were dried in open air and subsequently dried in vacuum at 40 °C for one day. The mass, thickness and diameter of the samples were measured before and after washing in water.
The percentage of removal of PEO was measured at various times and calculated through the following equation 1:
where 0 W and i W denote the weight of blend membrane and the weight of membrane after PEO extraction by soaking in water, respectively. 
Results and Discussion

Phase Morphology
PVDF/PEO blend films were casted from the solution in a good solvent for both components. Solvent casting was performed at 70ºC to ensure that during the whole process PEO is amorphous. PVDF crystallizes from the solution during solvent evaporation and, it is expected that PEO chains are pushed by the growing PVDF crystals, being finally confined in spaces between PVDF spherulites or in interlamelar spaces mixed with amorphous PVDF chains. Then when the already dry film is cooled to room temperature, PEO crystallizes from the melt since no solvent rests in the sample. As we will see below PEO crystallization rate is highly affected by the presence of PVDF. It is worth note that simultaneous growth of PEO and PVDF spherulites during solvent casting at room temperature yields a brittle and inhomogeneous film with poor adhesion between the tow crystalline phases (results not shown).
In order to characterize the phase morphology in the blend thus obtained, PEO was extracted from the blend film by washing in water, which is a non-solvent for PVDF.
Soluble fraction of PEO when immersing the film in water will characterize the amount of PEO which dispersed in isolated domains, while the morphology of the remaining PVDF and contraction will speak about connectivity of PVDF phase in the blend.
After washing the samples for 7 days, the mass loss of the membrane is, as expected, approximately 50% for the membrane with a PVDF/PEO ratio of 50/50. Thus, it can be said that PEO phase is continuous in the membrane. Nevertheless only around 90% of the PEO that the blend contains initially has been extracted, as shown by the evolution of the sample mass ( Figure 1a ). Nevertheless, volume only stabilizes after 3
hours showing that the collapse of PVDF structure is governed by a relaxation process Figure 2a ). Structures that seem polymer spherulites are apparent and we will see that they correspond to PVDF when observing the picture after PEO extraction (Figure 2c ).
The topography shown in the polymer blend must be the result of PEO crystallization on cooling from 70ºC to room temperature. The formation of PEO crystalline lamellae produces some texture at the surface. In the case of 50/50 sample the blend shows some PVDF circular regions separated by rough regions of semicrystalline PEO (Figure 3a ).
It is interesting to observe the huge difference of the cryogenic cross section of the 50/50 and 70/30 blends (Figures 2b and 3b 
Infrared spectroscopy and piezoelectric response
FTIR spectroscopy was used to characterize crystalline phase of PVDF and PEO polymers [30] . The two most relevant crystalline phases of PVDF are the α-phase and β-phase, the specific bands characteristics for α-phase being 765, 796, 855 and 976 cm -1 while β-phase is identified by 840 and 1232 cm -1 , bands [30] . On the other hand, the most important specific bands characteristics of PEO are 845-948, 1280, 1343 and 1468 cm -1 corresponding of CH2 rocking, twisting, wagging and scissoring, respectively [41] .
FTIR-ATR spectra for PVDF/PEO blends and pristine PEO are shown in figure 5 .
For the PVDF pristine sample, the small vibration bands at 760 cm -1 , that correspond to α phase crystals and the specific band at 838 cm -1 characteristics of the β-phase are detected.
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The crystalline phase of PVDF is essentially affected by the evaporation rate [34, 35] .
Low evaporation temperature until 90ºC where crystallization is slow due to lower polymer-chain mobility, leads to preferential nucleation in the β-phase. The presence of PEO in the polymer blend modifies the intensity of the bands corresponding to PVDF, i.e, the vibration band of the α-phase increase and the vibration band of β-phase decrease with increasing PEO content in the polymer blend.
The phase content of PVDF was calculated from the FTIR spectra through the method explained in [30] . The relative fraction of the β-phase in a sample containing α and β-PVDF is:
where F(β), represents the β-phase content; Aα and Aβ the absorbance at 766 and 840 cm −1 ; Kα and Kβ are the absorption coefficients at the respective wavenumber, which values are 6.1 × 10 4 and 7.7 × 10 4 cm 2 mol −1 , respectively. [42] . A small peak indicating the presence of the γ-phase of PVDF has been detected also in the sample with 50% PEO content, as indicated by the small band at 810 cm -1 [30] .
The membranes thickness depends on the PEO polymer amount due to the difference in PVDF and PEO densities, its value varies between 81-180 μm as shown in table 1.
As the application of the membranes in tissue engineering shows the relevance of the piezoelectricity, that improves osteoblasts adhesion and proliferation [43] , the piezoelectric response has been measured. Table 1 shows the overall piezoelectric coefficient d33 of the samples. It is to notice that this value has to be interpreted taken into account that it represent the overall piezoelectric response of the sample, and not just the piezoelectric response of PVDF, i.e. variations due to blending are included.
The modulus of the d33 response of the PVDF/PEO polymer blend, fully ascribed to piezoelectric PVDF, is influenced by the relative PEO content, decreasing with increasing PEO content from 5 pC/N for pristine PVDF to 3 or 2 pC/N for the polymer blends with increasing PEO content from 30 to 50. Though the latter values are within experimental error, the sample with the largest PEO contents always provides the lower piezoelectric response. Independently of the polymer/blend type, the d33 is negative and stable along the time. Comparing the d33 obtained of PVDF polymer in this work (|d33|= 5 pC/N) and the d33 values typically obtained for PVDF films (|d33|= 20 pC/N) [42, 44] , 13 the observed difference is attributed to the mechanical variations and the presence of some microporosity of the pristine PVDF obtained in this work. PVDF was obtained by evaporation at 70ºC in order to follow the same protocol used for the blends with PEO and it has been shown that at this temperature pores appear in the sample due to solidliquid phase separation during solvent casting [31] . Porosity strongly affects microstructure and phase content of PVDF [31] and co-polymers [45] , allowing tailoring those parameters for specific applications. It is to notice the relevance of obtaining piezoelectric response in the porous PVDF sample, scarcely addressed in the literature, and PVDF-PEO polymer blends, allowing implementation into technological applications, such as scaffolds and membranes, which involve the use of porous microstructures allied to piezoelectric sensing and actuation. Further, despite this decrease of the piezoelectric signal to respect to polymer films, the obtained electroactive response is still among the largest for piezoelectric polymers [28, 30] , being within the range for applicability.
Thermal properties
In this section we analyze the behavior of PEO confined between PVDF domains. Since PVDF/PEO polymer blend films are obtained by solvent casting at 70ºC, PVDF crystals are formed while PEO is in the molten state so, its conformational mobility is high enough to reorganize while PVDF crystals grow and thus after solvent evaporation PEO occupies regions between the PVDF domains, and, as deduced from electron microscopy, within those domains as well. The study of the effect of the amount of PEO in the blend, and thus the size of the PEO regions after solvent evaporation, on its crystallization and melting processes and on the glass transition of amorphous regions informs about the degree of confinement of the PEO chains in the blend. Figure 6 shows the DSC scans of neat PEO and PVDF/PEO blends for the cast samples at a heating rate of 20ºC/min. Note that after film formation temperature did not overpass 70ºC, thus it is expected that PVDF domains remain unaltered in all thermal histories to what the sample is subjected. The first heating scan is representative of the melting of the crystal formed during cooling from 70ºC to room temperature during blend formation process. The second scan was performed after cooling at 20ºC after first scan in which PEO molten chains can rearrange in some extent. Heat flow has been normalized with the mass of PEO in the blend. It is worth note the important sift of the 14 melting peak in 70/30 blend towards lower temperatures with respect to pure PEO. On the other hand the crystallization exothermal on cooling is also shifted to lower temperatures (Figure 7 ). It seems that crystallization kinetics is slower in the blend and thus, crystals are formed on cooling at lower temperatures. As a consequence, they are smaller and melt at lower temperatures as well. The behavior of 50/50 blend is in between neat PEO and 70/30 blend as can be seen clearly in the second scan. However, in the first scan it looks like in pure PEO, this means that PEO in 50/50 blend is susceptible to reorganize by melting and crystallization. It is worth note in support of this interpretation that there is nearly no difference between first and second heating scan in pure PEO but in the blends the melting peak in the second scan shifts to lower temperatures. These features could be confirmed by isothermal crystallization and further melting experiments The differences found between the first and the second heating scans proves the ability of reorganizing PEO phase by successive melting and crystallization. This feature can be due to the miscibility of PVDF and PEO in amorphous phase. Crystallization kinetics can be influenced by the fact that PEO chains must separate from the homogeneous amorphous blend with PVDF chains and once they form the crystals and these crystals melts in the first scan, the homogeneous blend is not formed again because of the lack of time for spontaneous diffusion. To test this possibility the glass transition region was analyzed as shown in figure 8 for the two heating scans. 
